e Hypersaline close-to-saturation environments harbor an extremely high concentration of virus-like particles, but the number of haloviruses isolated so far is still very low. Haloviruses can be directly studied from natural samples by using different cultureindependent techniques that include transmission electron microscopy, pulsed-field gel electrophoresis, and different metagenomic approaches. Here, we review the findings of these studies, with a main focus on the metagenomic approaches. The analysis of bulk viral nucleic acids directly retrieved from the environment allows estimations of viral diversity, activity, and dynamics and tentative host assignment. Results point to a diverse and active viral community in constant interplay with its hosts and to a "hypersalineness" quality common to viral assemblages present in hypersaline environments that are thousands of kilometers away from each other.
H
ypersaline environments harbor the highest viral densities reported so far for aquatic systems (Table 1) , with concentrations up to more than 10 9 virus-like particles (VLP) per milliliter. The reason for this abundance is intriguing, although there are basically two hypotheses for explaining this phenomenon: these high numbers are due either to the physical stability of viruses in high-salt systems or to the high viral production reached in these systems (12, 57) . When analyzed along a salinity gradient (from marine or freshwater to extremely hypersaline, salt-saturated environments), the number of viruses, which is normally correlated to the number of cells, increases with salt (see Fig. 1 for an example). In the transition to the most concentrated systems, over 25% total salts, a sharper increase in virus concentration can be observed, as reported for Mediterranean coastal multipond solar salterns (26) and a series of natural systems in Senegal covering salinities from brackish to near salt saturation (12) . This increase may be due to the lack of bacterivory or very low abundances (2 ϫ 10 5 to 3 ϫ 10 5 per liter) of nanoflagellate predators reported for these two analyzed systems. In these cases, the abundance of viruses may thus be favored by other biological forces, e.g., the lack of predators in the environment. However, this cannot be generalized to all hypersaline systems, since high numbers (7 ϫ 10 6 to 28 ϫ 10 6 per liter) of heterotrophic and extremely halophilic grazers actively ingesting prokaryotes have been described in 31% salt waters in a solar saltern located in western South Korea (40) . In addition, viral persistence in water is positively correlated with salinity, with rates of persistence above 97% in close-to-saturation waters (12) .
Another remarkable feature is the high bacterium-to-virus ratio that has been found in many hypersaline environments. As shown in Table 1 , this ratio can be above 100 free VLP/cell, which is well above the average ratio among viruses and their hosts in aquatic systems, which normally ranges from 5 to 10 free VLP/cell (62) . Although this high ratio seems to be a common trend in hypersaline waters, there are also cases in which this value is lower than in, for instance, marine waters. Such is the case of Lake Retba, with only 2 VLP/cell (58) . In any case, as stated by Baxter et al. (10) , these values cannot reveal the actual ratio between a specific host-virus pair. For instance, in the work by Guixa-Boixareu et al. (26) , the burst size (i.e., maximum number of viruses per cell) of square cells was in the range of 100 to 380 VLP/cell, while the rest of the infected cells had between 6 and 35 VLP/cell. This uneven distribution has to be taken into account when analyzing the free virus assemblage in the environment.
Since the isolation of the first halophilic virus in 1974 and until the very recent work by Atanasova et al. (7) , a total of around 26 haloviruses (that is, less than one virus per year, which contrasts with their high abundance in nature) had been isolated from cultures of halophilic Archaea and none of them from extremely halophilic Eukarya or Bacteria, with the exception of two viruses infecting the extremely halophilic proteobacterium Salicola marasensis, reported as unpublished results in reference 30. These studies, reviewed on Mike Dyall-Smith's webpage, indicated that many haloviruses show the typical head and tail morphology, with double-stranded DNA (dsDNA) genomes ranging from 7 to 230 kbp. Very recently (7), Atanasova et al. have isolated 49 new viruses infecting different extremely halophilic hosts (4 Bacteria and 45 Archaea) isolated from nine spatially distant hypersaline environments. Most of these new viruses had head and tail shapes, although icosahedral and pleomorphic viruses were also observed. In addition, haloviruses with other morphologies and genomes have also been isolated (see below). As will be discussed in this minireview, the most common traits (shape and genome size) found in haloviruses in their environments are not mirrored by the general characteristics displayed by haloviruses isolated using pure cultures. As pointed out by Baxter et al. (10) , "a true picture of (viral) diversity will come from coupling methods and from exploring new hypersaline environments." In agreement with Roine and Oksanen (50), these methods should go from the measurement of the bulk biological processes and physicochemical conditions to transmission electron microscopy (TEM), metagenome analysis, and, very importantly, isolation of new viruses infecting ecologically relevant extremely halophilic organisms, including Archaea, Bacteria, and Eukarya. It is worth keeping in mind that, although some of the most abundant extremely halophilic Archaea and Bacteria (Haloquadratum and Salinibacter, respectively) have now been cultivated (6, 14, 16) , no viruses have been isolated that infect them.
We will review here the information on haloviruses directly retrieved from the environment, using different kinds of cultureindependent approaches. We will not focus on the techniques (caveats are discussed in references 10 and 50) but rather on the results and the information they provide on the ecology of viruses infecting extremely halophilic microorganisms.
TRANSMISSION ELECTRON MICROSCOPY
A direct approach to study viral diversity in nature is the observation of negatively stained samples using TEM, which was first used to characterize marine viruses (reference 59 and references therein). This approach not only allows for the morphological characterization of the viral assemblage but also provides quantitative data on virus abundance (although viral concentrations can be routinely measured by light microscopy in an easier and faster way [36] ). The first observation by TEM of an extremely halophilic microorganism infected by viruses was done by Martin Kessel in 1983 (29) . This author showed pictures of a "square-shaped halobacterium" (now known as Haloquadratum sp.) infected by what resembled head-tail viruses (definitely not lemon shaped). The first systematic TEM characterization of viruses inhabiting hypersaline waters was that of Guixa-Boixareu et al. (26) , who studied the microbial communities of two coastal multipond solar salterns in Spain. Soon later, the viruses in the Dead Sea (38) were also observed under TEM. Later, more salterns (20, 54) and hypersaline lakes, such as the Retba Lake in Senegal, Great Salt Lake in Utah, and Mono Lake in California, were studied (10, 15, 58) .
TEM studies indicate that there are basically four kinds of morphologies: the well-known fusiforms (spindle or lemon shaped), head-tail VLP, spherical VLP, and filamentous VLP, the last of which was recently proposed as a new category (10) . Finally, unusual morphologies have been also observed in hypersaline set- tings, such as the six-point stars found in the Dead Sea (38) . In their characterization of the viral assemblage in the hypersaline Lake Retba, Senegal, Sime-Ngando et al. (58) provide pictures of extraordinary quality showing not only the spindle-shaped viruses found in high-salt concentrations but also a panoply of other morphologies, resembling hairpins, rods, chains of small globules, hooks, and tadpoles, among others. One of these unusually shaped virus types was also found in solar salterns in Alicante, Spain, as shown in Fig. 2D . The distributions of VLP morphologies change with the salinity gradient, with an increase of spindle-shaped viruses that can reach very high concentrations, e.g., 25% in crystallizer ponds from Mediterranean coastal solar salterns, as described in reference 26. These spindle-shaped viruses can even dominate the community, as in Lake Retba (58), where they account for 46% of the total particles, and only less than 1% had a head-tail morphology typical of bacterial DNA viruses (and also of many haloarchaeal viral isolates). In Great Salt Lake, lemon-shaped viruses that appear to have a membrane enclosure and a small tail at one end are very abundant but not dominant. Viruses with similar morphologies are known to infect different kinds of Archaea, including the haloarchaeon Haloarcula hispanica (9) . TEM pictures in reference 26 indicate that the square archaeon Haloquadratum walsbyi (one of the most abundant prokaryotes in many hypersaline waters) is infected also, but not only by viruses of these morphologies.
Although in electron microscopy it is sometimes difficult to distinguish artifacts from real traits, Fig. 2G appears to show a square archaeon with lemon-shaped viruses attached to the extracellular net of fibrils. Another square cell has lemon-shaped viruses inside (there is also a head-tail virus, but it seems to be outside the cell and not in the cytoplasm) (Fig. 2F) . Therefore, the increase of fusiform viruses is most likely due to the increase of square archaea very frequently observed along salinity gradients (11, 26) .
In their study of Mono Lake (a highly alkaline, moderately hypersaline environment, with salinity ranging from 7 to 8.5% total salts) (15), lemon-shaped and filamentous viruses were not observed, which could indicate that these morphologies correspond to viruses infecting extremely halophilic organisms, most likely haloarchaea. However, these differences could also be due to the high alkalinity of the lake. In any case, as discussed above, haloarchaea are infected also by viruses of different morphologies.
PULSED-FIELD GEL ELECTROPHORESIS
Pulsed-field gel electrophoresis (PFGE) is a culture-independent approach that can be used to examine the range of genome sizes of the dominant members of virioplankton. The viral fraction of a sample is collected, embedded in agarose, and treated with proteinase and detergents, and the remaining nucleic acids are separated electrophoretically. The resulting fingerprint is a quick way of characterizing a viral community and comparing different samples. However, this method has a relatively low resolution, since different virus genomes can have the same size and therefore would appear as the same band in a gel, although the potential diversity within any particular band can be further analyzed by cloning and sequencing or by combining this technique with hybridization, as described below.
PFGE has been used to study viral assemblages in coastal Med- iterranean solar salterns (20, 52, 54) , showing that virioplankton community structure changes along the salinity gradient. In the salterns, viral populations with genomes of 10 to 533 kb were observed, although in samples with salinities higher than 15% the diversity was lower, with viral genomes ranging from 32 to 63 kb. In very high-salt ponds (from 20% salts to saturation), only a band of around 37 kb was observed in most of the samples. When the same samples were analyzed by TEM, several morphologies were found, which most likely indicates that different viruses have genomes of similar sizes (20, 54) . Furthermore, when this 37-kb band was cloned in fosmids and subsequently sequenced, an unexpectedly high diversity was found (see below), underscoring the limitations of PFGE as a diversity measurement tool. PFGE has been also used to characterize viral diversity in the highly alkaline, moderately hypersaline Mono Lake (California) by Jiang et al. (28) . These authors found a diverse viral community, with genome sizes ranging from less than 14 to more than 400 kb, with the bulk of DNA (i.e., the most abundant genomes) in the range of 30 to 60 kb, which is typical for viruses infecting prokaryotes. The presence of high-molecular-mass genomes (e.g., those over 200 kb) may suggest the presence of algal viruses, which could be an explanation of why the highest-molecular-mass bands are less abundant in the most saline ponds in solar salterns (52) . However, caution must be exerted when interpreting PFGE, since, in order to get accurate size estimation, first the topology of the DNA molecules (e.g., linear or circular) has to be ascertained. In any case, the fact that in Mediterranean solar salterns VLP numbers were not correlated with chlorophyll a concentrations (26), together with the absence of the highest-molecular-mass bands in the most saline ponds (54) , indicates that these high-molecularmass bands probably correspond to the genome of algal viruses.
In the Mono Lake study (28) , the contribution of a viral isolate to the total virus assemblage was monitored by hybridizing the labeled viral genome with viral DNA obtained from samples taken from different stations and at different dates within the lake. There was strong hybridization with samples taken the same day (from the same station and at similar depths), while there was no signal with samples taken at the same station 9 months earlier. This result suggests there is a turnover of viral genomes in the natural samples, as metagenomic data indicate for other hypersaline environments (see below). In a study carried out 2 years later (51) in the same environment, the authors found that viral isolates were less prevalent in the viral assemblage than uncultured viruses, reinforcing the idea that viruses readily retrieved by isolation represent only a minor fraction of the natural virus community. This may also indicate that, for haloviruses, culture-dependent and -independent techniques can be unveiling different portions of the diversity, as has happened with prokaryotic communities.
Finally, the dynamics of the viral assemblage have also been (roughly) analyzed using PFGE in solar salterns by Sandaa et al. (52) , who showed by repeated sampling (6 days) that band patterns did not change with time. However, this does not necessarily mean that viral genome sequences do not change, since, as shown in other studies (54, 56) , a given PFGE band can include very different viral genomes.
IN SITU INFECTION RATES
There are not many reports on the in situ viral activities in hypersaline environments apart from references 11 and 26. Schapira et al. (57) also measured in situ VLP numbers by flow cytometry, although in a moderately hypersaline environment (a natural continuous salinity gradient from 1.8 to 15.5% in a South Australian temperate coastal lagoon).
One of the issues addressed in these studies is the extent of lysogeny in the analyzed systems. In cultured haloarchaea, such as Halobacterium cutirubrum (now reclassified as Halobacterium salinarum) (reference 38 and references therein), viral lysis may be induced by lowering salinity from 30 to 17.5%, while higher salt concentrations reduce the burst size and increase the latent period of infection for the virus ⌽S5100 of H. cutirubrum. Lysogeny seems prevalent in environments less favorable to bacterial hosts (33) . These data support the idea (46) that a substantial part of haloviruses may be temperate instead of virulent when salinity exceeds 25%. According to reference 19, haloviruses "have probably evolved to exert minimal selective pressure on their sensitive host" by lytically infecting mainly hosts likely to be destroyed by changing environmental conditions. Finally, based on the observations that cultured haloviruses can cause chronic infections (in which viruses are released without lysis of the cell), this has been proposed as the most frequent form of virus-host interaction in high-salt systems (10) , although this issue is far from being solved, as discussed below.
According to Bettarel et al. (11), "viral life strategy shows some salinity-driven dependence," with an increase in lysogeny at higher salt concentrations, although at above 30% salt, this trend is reversed. In addition, the amount of visibly (lytically) infected cells (as observed under TEM) became undetectable beyond a salinity of 17%. However, it is difficult to reconcile this with the high diversity of host genotypes (microdiversity) found in the San Diego solar salterns explained below and with the continuous recycling of virus and their prey. This would fit better in a lytic dynamic. In addition, the low numbers of integrases observed in the sequenced halovirus metagenomes (these enzymes are needed for completing the integration of the virus nucleic acids into its host genome, typical of some lysogenic strategies) points to a low prevalence of lysogeny in the environment. In any case, since all these data come from the study of different hypersaline systems (Table 1) , caution must be exerted in their comparison.
The study (26) in Mediterranean coastal samples indicated that, in spite of the high numbers of VLP measured, the percentage of prokaryotic abundance losses per day due to viral lysis was lower than 5%. Viruses then have a small effect in controlling the whole prokaryotic abundance in the systems that are considered to be under "steady state." However, stability in numbers and even in species does not necessarily mean steady state, since, as discussed below, microbial populations in (at least some) salterns seem to be undergoing cycling of genotypes.
METAGENOMICS: DIVERSITY AND TENTATIVE HOST ASSIGNMENT
Since there is no universal marker present in all viral genomes that would allow for the cataloguing of viral diversity in a way analogous to the rRNA approach (1), one of the most effective ways to describe uncultured viral diversity is the characterization of viral metagenomes or metaviromes (42) . Without any doubt, TEM also provides a way of classifying viruses and comparing diversity among environmental samples (15) , but this approach cannot provide information on genome type and size or life strategies of a particular type of virus. The main caveat of viral metagenomics is that most of the viral sequences are unique and have no matches in databases (53) , and therefore most of the halovirus sequences directly retrieved from the environment are uninformative in a first approach; in a way, it is like opening a black box and finding a new black box inside. However, there are tools that allow for the retrieval of information beyond the annotation of libraries, such as PHACCS (a tool [3] which uses metagenomic data to provide a prediction of the community structure in terms of diversity, evenness, and richness), GAAS (a software that simultaneously estimates both genome relative abundances and average genome length from metagenomic sequences [4] ), and other approaches described below. In addition, viral metagenomics may make possible to ascertain the relative abundance of the different viral populations encompassing the viral assemblage (23) .
To the best of our knowledge, the first report of a metagenomic approach to describe the viral assemblage in hypersaline environments is that of Sabet et al. (51) in their study of Mono Lake (a "moderately hypersaline" system). Viral DNA was prepared for PFGE, and the 35-to 55-kb band was cloned into bacterial artificial chromosomes. Although the cloning efficiency was very low (as thoroughly discussed in the paper), sequence analysis of viral clones revealed homology to bacteriophage and bacterial proteins. Later, viral metagenomic libraries have been constructed and analyzed for coastal salterns in San Diego (21, 47) and Santa Pola, Alicante, Spain (54, 56) and from the hypersaline Lake Retba in Senegal (58) .
San Diego salterns were studied by direct pyrosequencing of viral DNA extracted from water samples. Sequences (with an average of 100 bp) from these salterns, together with sequences from another eight biomes, were analyzed (21) by using the SEED platform (http://www.theseed.org), showing that metabolic profiles could be used as sample "signatures." In the case of San Diego salterns, viral sequences related to metabolism of carbohydrates and DNA as well as virulence factors dominated and characterized the hypersaline environment (21) . These San Diego sequences (coming from three ponds of 8, 14.5, and 30% salinity, with samples taken at various time points separated by 1 day to more than 1 year) were further used (47) to analyze the species composition of haloviruses and their hosts. The authors found that most abundant microbial species persisted over time, although with changes in their relative abundances. Below this stability, there was a variation in the microdiversity of the samples with a cycling of host genotypes. This dynamic was mirrored in the viral assemblage, in which dominant viral taxa persisted while viral genotypes were rapidly changing (47) .
The viral assemblage present in the crystallizer CR-30 from the coastal solar salterns Bras del Port (Santa Pola, Alicante, Spain) has been studied by constructing and sequencing fosmid and plasmid clone libraries (54, 56). As explained above, the viral DNA from crystallizer CR-30 runs in PFGE as a single band of around 37 kb, a size appropriate for further cloning in fosmid vectors. In this way, complete viral genomes can be cloned and sequenced, as described in reference 54. This work constitutes the first example of how to reconstruct an (almost) complete genome from an uncultured halovirus. The reason for reconstructing only one genome was the low efficiency of the fosmid library, a problem previously encountered (51) . The analysis of this genome (named environmental halophage-1 [EHP-1], although if this virus is infecting an archaeon this name may not be appropriate according to reference 45) revealed a GC content of 51%, lower than those of previously isolated halophages. This low GC content, together with the codon usage, allowed us to propose Hqt. walsbyi as the host. Forty open reading frames (ORFs) were detected, and most of them were annotated as hypothetical proteins. ORFs related to ribonucleotide reductases and thymidylate kinases, typical from lytic viruses, were also found, suggesting that EHP-1 could have a lytic cycle.
Two years later, new metagenomic libraries (in fosmids and in plasmids) were constructed with DNA extracted from the viral assemblage in CR-30, this time with a higher efficiency (56) . Sequence analyses showed that the viral community in the crystallizer was highly diverse and very different from viral metagenomes obtained from other environments. A total of 80% of the predicted ORFs were annotated as hypothetical proteins, although most of them (70%) were conserved in the metavirome, since, in spite of not having matches in public databases, hypothetical proteins from some viral genomic fragments matched with hypothetical proteins from other viral fragments in the metavirome. Most of the predicted ORFs with a recognizable function were related to DNA metabolism, with a low proportion (0.9%) of proteins related to the lysogenic cycle. At the nucleotide level, similarities between the CR-30 metavirome and viral sequences from San Diego high-salinity ponds were observed, suggesting that haloviruses from samples with distinct origin could harbor some common features.
In addition, GC content and dinucleotide frequency (61) of viral sequences were analyzed. Sequences of genomes from putative hosts such as Hqt. walsbyi and Salinibacter ruber (most abundant Archaea and Bacteria, respectively, at the time of sampling) and other high-GC-content haloarchaea previously isolated from this crystallizer were also included in the analysis. The goal was to establish a tentative classification scheme in which viral sequences could be grouped with their putative hosts. A total of five groups were obtained based on dinucleotide frequencies. Cluster 4 included low-GC-content viral sequences and the genome of Hqt. walsbyi (at the time, the only known haloarchaeon with a GC content of around 50%), while high-GC-content viral sequences and the genome of S. ruber (with a GC content of around 70%) formed cluster 2. Cluster 1 grouped high-GC-content viral sequences with high-GC-content haloarchaea. Therefore, based both on GC content and dinucleotide frequency analysis, as a working hypothesis we proposed that viruses in cluster 4 were infecting Haloquadratum-like archaea while viruses in cluster 2 infected Salinibacter (and relatives).
Upon initial assembly of viral metagenomic data, it is generally accepted that the longer contigs correspond to the most abundant virus species. In the CR-30 metavirome (56), the longest contigs were included in the cluster of the Haloquadratum genome. In other words, according to our working hypothesis, the most abundant viruses would be the ones infecting this archaeon. Of course, this is not surprising if we consider that, in the analyzed system at the time of sampling, Haloquadratum sp. was the most abundant prokaryote.
It is worth mentioning here that one of the main problems encountered in viral metagenomics is the complete and unambiguous reconstruction of viral genomes (i.e., the assembling of contigs covering the whole viral genome). Besides the large amount of sequence data needed for this purpose, the frequent recombination among viruses of the same type (see, for instance, the case of halophilic viruses HF1 and HF2 [60] ) and the modular nature of many viral genomes (27) can make the unambiguous assembly very difficult (or even impossible).
The diversity of virus-host systems in hypersaline Lake Retba (Table 1) was analyzed using a polyphasic approach that included TEM (see above) and the construction and analysis of a viral metagenomic library (58) . As happened with the metaviromes from the Santa Pola crystallizer, the metavirome from Lake Retba was dominated by sequences with no matches in databases. However, the identifiable virus sequences were most similar to viral metagenomes from the above-mentioned San Diego high-and medium-salinity ponds, as well as to a cellular metagenome enriched in Haloquadratum that had been previously constructed with water from CR-30 (31) . As previously explained, Haloquadratum cells frequently contain a high number of haloviruses in their cytoplasm. In spite of the vast dominance of spindleshaped viruses in Lake Retba, no sequence similarities were found to archaeal viruses from geothermal environments, where this morphology is also very common. These authors (31) , based on the predominance of unusual viral morphologies in their samples, together with the similarities between hypersaline metaviromes, suggest that "similar viruses have adapted to thrive in geographically disparate hypersaline environments." However, the available metagenomic data do not allow identifying similar genomes in the different analyzed settings, although they do permit the identification of common traits among their viromes.
Very recently (Boujelbene et al., unpublished data), the viral assemblage present in a solar saltern in Sfax (Tunisia) has been analyzed using a metagenomic approach. Viral DNA from three ponds (two medium-salinity ponds and one crystallizer) was cloned in fosmids and end sequenced to analyze the changes in the viral assemblage along the salinity gradient. In addition, a fourth sample, taken 5 months before from the same crystallizer, was also studied to follow temporal changes. BLASTn comparisons among the 4 samples revealed that viral diversities were highly different in each pond, although medium-salinity ponds were more closely related to each other than to sequences from the crystallizer. Interestingly, matches among the two crystallizer samples were lower than expected, suggesting a temporal recycling of viral genotypes, as observed in the San Diego salterns (47) . As happened with the metaviromes described above, a high percentage of sequences did not match in the databases, although a considerable number of hits were against the CR-30 metavirome.
Unfortunately, we cannot easily correlate TEM and metagenomic data from natural virus communities. For instance, although the lemon-shaped viruses are most likely infecting the halophilic archaea, more specifically the square archaeon, we cannot "fish" their sequences from the bulk metaviromic sequences by comparison with known cultured spindle-shaped virus from other (halo)archaea. In addition, there is no sequence similarity between spindle-shaped viruses infecting hyperthermophilic and hyperhalophilic archaea, while some bacterial phages have sequence similarity with archaeal head-tail viruses. In any case, sequence data are necessary to classify viruses, since, as in the case of Halorubrum pleomorphic virus 1 (HRPV-1) and HHPV-1 (49), very similar viruses can have different genome types (dsDNA and single-stranded DNA [ssDNA], respectively). Again, a complete analysis of viruses, either cultured or not, can be accomplished only with a polyphasic approach.
In any case, as happens with marine viruses present in different sites in four major oceanic regions that display a "distinct marineness quality" (2), there seems to be a "hypersalineness" common to viral assemblages present in hypersaline environments that are thousands of kilometers away from each other (such as the ones is California, Tunisia, Senegal, and Spain, discussed above). This finding is in agreement with the work by Dinsdale et al. (21) that carried out a functional metagenomic profiling of nine different biomes (subterranean, hypersaline, marine, freshwater, coral associated, microbialites, aquaculture, fish associated, terrestrial animal associated, and mosquito associated) and found differences between them that predicted the biogeochemical conditions of each environment. This difference between halophilic viruses and those from fresh and marine waters was also demonstrated by the lytic failure observed while viruses from nonextreme systems were used to infect the prokaryotic community present in Lake Retba samples (12) . The authors interpreted these results based on the differences among viruses infecting Bacteria (that dominate many marine and freshwater habitats) and Archaea (that dominated the Lake Retba community). As explained above, the viral assemblage in this hypersaline sample was dominated by spindle-shaped viruses, which are most likely infecting (square) Archaea. However, many high-salt systems, although dominated by Archaea, also contain high numbers of Bacteria (5) or Archaea other than Haloquadratum-like species (17, 32) , as well as viruses with different morphologies.
METATRANSCRIPTOMICS: TOWARD FUNCTION ASSIGNMENT
As discussed above, metagenomics can provide information of the diversity and potentialities of the viral communities but does not give information about what they actually do or even if they are active.
In an attempt to have a picture of the active viral community in the crystallizer CR-30, we analyzed the expression of the viral genomes in the same sample used for constructing the viral metagenome described in reference 55 . The viral metagenomic library was used for constructing a microarray (a Virochip) in which the different spots were pieces of the viral metagenome cloned in plasmids (55) . Since this viral metagenome had been previously analyzed, the identity of every spot in the chip was known (including its sequence and its position in the classification schema discussed above). Total RNA was extracted from the cellular fraction of the natural sample, reversely transcribed, labeled, and hybridized against the Virochip. The results of this hybridization indicated that, in the natural sample, Salinibacter and high-GC-content haloarchaea-related viruses (clusters 1 and 2) showed higher activity than those related with Haloquadratum (cluster 4). This would support the hypothesis that square Archaea dominated the prokaryotic community at the time of sampling due to a lower activity in their viruses (or to effective ways of avoiding viral infection). In a second step, the natural sample was submitted to two stress conditions (dilution and UV radiation) known to induce the lytic cycle in some viruses. Total RNA was extracted from the stressed samples and, after cDNA synthesis, hybridized with the Virochips and compared with a nonstressed control. Under both stress conditions, spots in the Virochip corresponding to archaeal viruses (those related to Hqt. walsbyi and high-GC-content haloarchaea) increased their levels of expression compared to the untreated samples, which could indicate an increase of virulence of these viruses. In fact, direct counts indicated a decrease in the numbers of Archaea and an increase in the number of free viruses, with respect to the untreated sample (55) .
Therefore, a large fraction of the viruses in the salterns (at least those in CR-30) seem to be active, not just chemically preserved in the environment, since around 60% the spots in the Virochip (obtained from free viruses) corresponded with viruses being expressed inside the cells. This contrasts with the low viral mortality reported for these systems, although it is compatible with the chronic infection model. However, the fast cyclic changes reported (47) in hosts and viruses would require a lytic interaction between them.
MICRODIVERSITY OF HOSTS AND VIRUSES
High-salt systems have been described as "taxonomically simplified environments" (31) in which a few taxa dominate the communities. However, beyond this low diversity of species compared to that of other aquatic habitats, a considerable level of microdiversity has been found in extremely halophilic prokaryotes (18, 31, 39, 43, 44) . This microdiversity, i.e., diversity below the species level, is therefore not reflected at the 16S rRNA gene level, which is frequently used to describe prokaryotic diversity in nature. Only the analysis of genomes from different isolates or cellular metagenomes from the environment can retrieve such a degree of variation. This has been indeed the case for some of the prokaryotes most frequently retrieved from salterns, such as the haloarchaeon Hqt. walsbyi (13, 18, 22, 31) or the hyperhalophilic bacterium S. ruber (41, 43, 44) . In both cases, in spite of the high degree of conservation of the ribosomal operon, variable areas have been detected in their genomes that very frequently code for proteins that could have a role in phage recognition and evasion. Accordingly, the most divergent proteins in viruses are those responsible for host receptor recognition, while the structural proteins are way more conserved (even between viruses infecting hosts from different domains) (49) .
The results of the San Diego saltern study (47) fit with the picture of taxonomic simplicity and high microdiversity drawn from genome and specific metagenome analysis. In order to reconcile these observations with the well known "kill-the-winner" interaction between host and genomes, a refined model has been proposed in which the winner is not a given species but a specific lineage inside the species (a sort of Red Queen dynamic in which things have to run to remain the same [47, 48] ).
To integrate the kill-the-winner model with the new wealth of genomic and metagenomic data, Rodríguez-Valera et al. (48) have proposed the constant-diversity dynamics (CDD) model, according to which the diversity of prokaryotic populations is preserved by phage predation. In crystallizer CR-30, Haloquadratum has been the most abundant prokaryote for years. If the CDD model is true, then a cycling of genotypes (well below the 16S-based definition of phylotype level) should be occurring that, in turn, implies a change in viruses that are "killing the winner" (the most successful Haloquadratum viral lineages at a given time). If this is the case, then the putative Haloquadratum virus should display a high number of changes. In the analysis of the CR-30 metavirome (56), when assembling the environmental viral sequences into contigs, single nucleotide polymorphisms (SNPs) were found, which indicated the presence of very similar sequences that were finally assembled as a consensus contig. In other words, there were very closely related viral genotypes that most likely would be infecting very closely related hosts. If we analyze the numbers of SNPs in cluster 4 viruses (those that according to our classification schema are the ones most likely infecting Haloquadratum), we see a frequency of 1.3% changes per nucleotide, while in the Salinibacter and high-GC haloarchaea-related viruses (clusters 1 and 2), this number is considerably lower (0.4%).
As a result of the interplay between viruses and hosts, lateral transfer of cellular and viral genes can occur, as has been repeatedly shown (reference 53 and references therein). In addition, viral infection also leaves its imprint in prokaryotic genomes in the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas system. CRISPR/Cas is a defense system against cell invaders, such as viruses and plasmids. They consist of one or more clusters of regularly interspaced short repeats and a variable set of associated (Cas) genes. When exposed to the invaders, cells harboring a functional CRISPR/Cas system may become specifically immunized by the acquisition of new spacers (i.e., sequences intervening between the repetitions) that derive from the foreign DNA sequences (8, 34 ). Many extremely halophilic archaea have CRISPRs in their genomes (25) . Especially relevant to this review is the presence of CRISPRs in one of the two strains of Hqt. walsbyi. In a very recent study of the metavirome of a hypersaline environment (I. García-Heredia, A. B. Martin-Cuadrado, F. Santos, F. J. M. Mojica, A. Mira-Obrador, J. Antón, and F. RodriguezValera, unpublished data), spacers homologous to that of Hqt. walsbyi have been found in the genomes of viruses that, according to several sequence-based analyses, were most likely infecting this haloarchaeon, showing that this viral immunity system is also operating in hypersaline environments.
Hypersaline systems have been traditionally regarded as simple and easy to analyze (26) . However, in these last years, we have witnessed many changes regarding the well-established ideas about their microbiota: from the relatively high presence of active Bacteria (5), the distinctive characteristics of Hqt. walsbyi compared with the previously cultured haloarchaea (13) , or the wide pangenome of the hyperhalophiles studied to date (31, 39, 41, 43, 44) to new lineages of haloarchaea present in salterns worldwide (37) and the just recently described widespread Nanohaloarchaea (24, 35) . (The recent description of Nanohaloarchaea raises the question of whether they had ever been counted as VLP, due to their small size). It seems realistic to anticipate that improvements of the sequencing methods combined with single-cell technologies will allow the recovery of complete viral genomes directly from the environment, as well as unambiguous identification of their hosts. We thus must be open to new surprises in the near future, which certainly will affect the way in which we view haloviruses and their interactions with halophilic hosts.
